The emerging role of astrocytes in neural communication represents a conceptual challenge. In striking contrast to the rapid and highly space-and time-constrained machinery of neuronal spike propagation and synaptic release, astroglia appear slow and imprecise. Although a large body of independent experiments documents active signal exchange between astrocytes and neurons, some genetic models have raised doubts about the major Ca 2+ -dependent molecular mechanism routinely associated with release of "gliotransmitters." A limited understanding of astrocytic Ca 2+ signaling and the imperfect compatibility between physiology and experimental manipulations seem to have contributed to this conceptual bottleneck. Experimental approaches providing mechanistic insights into the diverse mechanisms of intra-astrocyte Ca 2+ signaling on the nanoscale are needed to understand Ca 2+ -dependent astrocytic function in vivo. This review highlights limitations and potential advantages of such approaches from the current methodological perspective.
The emerging importance of astroglia for neural communication in the brain has taken neurophysiology by storm. The discovery of Ca 2+ waves in cultured astrocytes (Cornell-Bell and others 1990; Nedergaard 1994; Parpura and others 1994) and the demonstration of mechanisms enabling Ca 2+ entry, propagation, and removal inside glial cells (Verkhratsky and others 1990; Porter and McCarthy 1996; Pasti and others 1997; Bezzi and others 1998) had laid early foundations for the era in which glial cells would have become a recognized functional partner of neurons (for early reviews, see Attwell 1994; Kostyuk and Verkhratsky 1994; Verkhratsky and Kettenmann 1996; Porter and McCarthy 1997) . The classical view of astroglia as an entity dealing mainly with tissue metabolism and potassium homeostasis had also been challenged by the studies showing the importance of neurotransmitter uptake enacted by glial transporters, for shaping synaptic signals in space and time (reviewed in Barbour and Hausser 1997; Billups and others 1998; Rusakov and Kullmann 1998; Bergles and others 1999; Danbolt 2001; Kullmann and others 2005) . Over the past decade, the knowledge about the versatile role of astroglia in neural function has expanded dramatically (reviewed in Haydon 2001; Sykova 2001; Volterra and Meldolesi 2005; Fields and Burnstock 2006; Haydon and Carmignoto 2006) , and several recent reviews provide an in-depth account of the reported cellular mechanisms controlling molecular signal exchange between astroglial and neural networks (Hamilton and Attwell 2010; Perea and Araque 2010; Reichenbach and others 2010) .
We therefore did not intend in this review to discuss recently published research on glia-neuron communication, nor did we aim to provide a detailed analysis of a particular hypothesis in the field. Instead, we attempted to focus on what might be described as a conceptual gap between a rapidly growing body of experimental evidence pointing to active communication from passive (protoplasmic) astrocytes to neurons, on one hand, and a poor understanding of the Ca 2+ -dependent microscopic mechanisms acting inside astrocytes, which could explain such communication, on the other hand. Such a gap appears to contribute to a recent controversy regarding the role of astrocytic Ca 2+ signaling in synaptic transmission and plasticity. Indeed, numerous studies have associated Ca 2+ elevations induced by exogenous activation of the inositol tris-phosphate (IP 3 )-dependent cascades with modulatory influences on the function of nearby excitatory synapses (Pasti and others 1997; Fiacco and McCarthy 2004; Navarrete and Araque 2008) . In contrast, the astrocytespecific genetic suppression or enhancement of the IP 3 R2 receptor signaling cascades has failed to exert any detectable effects on excitatory synaptic transmission or its plasticity (Agulhon and others 2008; Agulhon and others 2010) . At the same time, however, suppression of endogenous Ca 2+ activity in individual astrocytes has been reported to affect neighboring synapses in organized brain tissue (Jourdain and others 2007; Perea and Araque 2007; Andersson and Hanse 2010; Gomez-Gonzalo and others 2010; Henneberger and others 2010) , and a similar causality has recently been reported between Schwann cells and the neuromuscular junction (Todd and others 2010) . Because much of the current debate refers to the interpretation of astroglial Ca 2+ signals triggered and recorded using particular experimental approaches, we aimed here to discuss, first, some physiological constraints for efficient signal transfer between neurons and astrocytes and, second, to what degree astrocytic Ca 2+ signaling can be evaluated and interpreted using the currently available methodologies.
Glutamatergic Neuron-Glia Signaling: Strategic Communication Loci versus Global Glutamate Uptake
Modulation of internal Ca 2+ in space and time has commonly been perceived as a universal communication medium for glial cells. Experimental studies in vitro and in situ have detected numerous sources of Ca 2+ and a variety of both converging and diverging Ca 2+ signaling pathways operated by electrically nonexcitable (passive) astrocytes. Among those sources are Ca 2+ -permeable channels, receptors that initiate or modulate Ca 2+ store-dependent signaling, exchanger-type Ca 2+ transport, meta bolically triggered Ca 2+ signaling, and influx of Ca 2+ through gap junctions (see references above). Some of these mechanisms appear well suited for translation of neuronal network activity into Ca 2+ signals inside astroglia. Indeed, astrocytes in various brain regions host a number of receptors sensitive to the common excitatory neurotransmitter glutamate, such as Ca 2+permeable AMPA receptors, N-methyl-d-aspartate (NMDA) receptors, and group I metabotropic glutamate receptors (mGluRs) (Cornell-Bell and others 1990; Burnashev and others 1992; Evans and others 1992; Porter and McCarthy 1996; Schipke and others 2001) , as discussed in recent reviews (Verkhratsky and Kirchhoff 2007; Agulhon and others 2008) .
At the same time, however, passive astrocytes are believed to take up >90% of glutamate released into the extracellular space (Bergles and Jahr 1998; Danbolt 2001 ), a process essential for the normal functioning of excitatory synaptic circuits (Bergles and others 1999; Zheng and others 2008) . Indeed, astrocytic plasma membranes in the hippocampus or cerebellum are enriched in highaffinity glutamate transporters, notably GLAST-GLT types, at a surface density of up to 10 4 molecules per square micron, providing an average extracellular concentration of ~0.2 mM (Lehre and Danbolt 1998) . Because these glial transporters buffer glutamate on a rapid time scale (Bergles and Jahr 1997; Diamond and Jahr 1997; Rusakov 2001) , successful signal transfer between glutamate release sites and designated receptors will only occur when the number of diffusing glutamate molecules exceeds the number of local transporter molecules. This may happen, for instance, during intense synaptic activity (Lozovaya and others 1999; Lozovaya and others 2004; Scimemi and others 2004) or when the target receptors are in the immediate proximity of the glutamate release site. Therefore, spatial juxtaposition of release sites and target receptors should be an important factor in enabling efficient glutamatergic signal exchange between neuronal and astroglial compartments. Indeed, high-affinity NMDA receptor (NMDAR) subunits have been detected in neuronal terminals strategically apposing astroglial compartments featuring putative glutamate-containing vesicles (Jourdain and others 2007) . Similarly, quantal AMPA receptor-mediated synaptic events in Bergmann glia have been associated with glutamate release from ectopic (nonsynaptic) sites directly facing the target AMPA receptors in glial membranes (Matsui and others 2005) . However, little is known about the density and distribution patterns of high-affinity glial transporters on the nanoscale. Careful immunoelectron microscopy studies have revealed only some general trends in the layout of GLAST-GLT expressed by astrocytes: Higher expression has been documented near excitatory synapses, as opposed to other neuronal compartments or vascular endothelium (reviewed in Danbolt 2001) . Clearly, further investigation is needed to identify circumstances in which the subcellular localization of glutamate receptors is compatible with their roles in astroglia-neuron exchange.
Importantly, astrocytic Ca 2+ signaling can be triggered not only by glutamate receptors but also through the glutamate uptake machinery. Glutamate transport into glia is dependent on an electrochemical gradient of sodium (as well as on K + concentration), and co-transported sodium ions could therefore accumulate in the astrocyte cytosol during neuronal activity (Brew and Attwell 1987; Langer and Rose 2009) . This is likely to create favorable conditions for the reversal of the astrocytic sodium-calcium exchanger (NCX), leading to an increase in the internal Ca 2+ level (Kirischuk and others 1997) ( Fig. 1 ). Strikingly, small astrocytic processes that contact synapses in the hippocampus are particularly enriched in NCX molecules (Minelli and others 2007) . Because such thin processes have a relatively high surface-to-volume ratio and because diffusion exchange within such processes should be relatively slow, they might represent a favorable environment for sustained and localized sodium accumulation (see below), boosting local Ca 2+ entry via the exchanger.
As for the downstream Ca 2+ -dependent cascades involving internal Ca 2+ stores, the key Ca 2+ -regulating sensor in this system is the IP 3 receptor (IP 3 R) acting as a Ca 2+ channel, which is sensitive both to IP 3 and to free Ca 2+ (reviewed in Foskett and others 2007) . In this environment, in which Ca 2+ sources and sinks can be sensitive to Ca 2+ in a highly nonlinear fashion, formation of internal Ca 2+ signals in space and time is likely to depend strongly on the spatial layout of Ca 2+ stores and IP 3 Rs. Furthermore, store-dependent Ca 2+ signaling does not always require upstream activation of membrane-bound receptors. A recent study has documented dopamine-induced, receptor-independent Ca 2+ astrocytic signals (in the cortex, hippocampus, and midbrain) mediated by the monoamine oxidase-dependent production of reactive oxygen species, by lipid peroxidation and activation of lipase C, all leading to Ca 2+ store release via an IP 3 R-dependent mechanism (Vaarmann and others 2010) . With or without receptor-mediated Ca 2+ signaling, it would seem therefore crucial to gather experimental evidence on the subcellular distribution of Ca 2+ storage in astrocytes, not only for a better understanding of the underlying molecular mechanism per se but also to provide insights into the origin and regulation of the uneven Ca 2+ landscape inside astrocytes.
Current Methods of Ca 2+ Imaging Mask the Diversity of the Nanoscopic Mechanisms Involved
The vast majority of experimental data regarding Ca 2+ signaling in astroglia have come from studies involving fluorescence imaging with Ca 2+ -sensitive indicators. Although this approach has undoubtedly revolutionized our understanding of the astrocytic Ca 2+ -dependent activity, it is important to appreciate its inherent technical limitations, especially when interpreting such data in terms of the microscopic mechanisms involved.
First, spatial resolution of optical imaging is limited both by light diffraction and by optical distortions in the excitation and detection systems. Because of these two factors, any physical fluorescence point source in the specimen will be represented by a point-spread function (PSF) characteristic for a particular imaging system (see below for a brief survey on super-resolution imaging). In fluorescence imaging experiments that involve organized brain tissue and therefore require two-photon excitation with infrared laser pulses, this PSF-associated "blurring" factor might well exceed one micron, at least in the z direction (see Zipfel and Webb 2001 concentration reversibly increases in response to application of an Na + -free bath solution (B) or to intracellular whole-cell loading of bulk-loaded cells with a high Na + solution (C). Modified from Kirischuk and others (1997) .
reference and Fig. 4 in Scott and Rusakov 2006 for an exp eri mental example). Second, optical registration with hig hly sensitive detectors (such as photo-multipliers rou tinely used in confocal microscopes) involves the shot noise arising from the fact that the number of emission photons registered over a brief period within a small sampled volume is limited. The latter may result in stoc hastic, rather than smooth and continuous, representation of the signal intensity, thus generating an inherently "noisy" image over a single duty cycle (for background reference, see Scheppard and others 2006) . Because astrocytic processes in the brain neuropil could be as thin as 30 to 50 nm while being separated from one another by a distance of less than 0.5 mm (Ventura and Harris 1999; Lehre and Rusakov 2002; Witcher and others 2007; Lushnikova and others 2009) , optical fluorescence imaging is unlikely to resolve Ca 2+ signals between individual processes, let alone to discriminate among rapidly evolving Ca 2+ signaling domains within individual thin protrusions.
In addition to these well-recognized limiting factors, it is also important to understand the relationship between endogenous intracellular Ca 2+ dynamics and the fluorescence emission signal reported by fluorescent Ca 2+ indicators. By definition, such indicators are powerful Ca 2+ buffers, and they are routinely used in a relatively high intracellular concentration (50-500 mM). Therefore, two important aspects should be considered when interpreting their emission recordings. First, by binding to Ca 2+ , such indicators interfere with the endogenous Ca 2+ signaling. The potential ensuing effect on Ca 2+ nanodomains ("hotspots") in the vicinity of Ca 2+ sources may be difficult to predict: In some cases, the number of entering Ca 2+ ions could actually dwarf the number of locally available indicator molecules. However, Ca 2+ indicators are likely to consistently influence Ca 2+ waves evolving on a longer and larger scale, by effectively providing a space and time filter to such waves. Second, the fluorescence signal has to be separated from the underlying evolution of free Ca 2+ . For a number of technical reasons, nonratiometric Ca 2+ dyes (such as Oregon Green BAPTA-1 or Fluo-4), which increase their emission intensity sharply upon Ca 2+ binding, have been a preferred choice in monitoring rapid intracellular Ca 2+ transients in organized brain tissue (Maravall and others 2000) . In many cases, therefore, detailed computer simulations have to be employed to understand the relationship between endogenous Ca 2+ signals, the effect of an exogenous indicator, and the reported fluorescence intensity. Diagrams in Figure 2 show an example of such a relationship computed using a high-resolution, multicompartmental diffusion model of rapid Ca 2+ entry into the cell cytosol through a local grouping of Ca 2+ channels (Scott, Ruiz, and others 2008; Henneberger and others 2010) , with and without the common Ca 2+ indicator Fluo-4. These data illustrate the extent of filtering in space and time domains that should be contemplated when interpreting Ca 2+ imaging experiments in astroglia. Adding endogenous astrocytic Ca 2+ buffers (of which little is known at present) to the picture could further complicate the relationship between recorded signals and the underlying Ca 2+ dynamics.
Distinct Molecular Cascades May Result in Similar Macroscopic Ca 2+ Waves
It is therefore expected that fluorescence Ca 2+ imaging will report Ca 2+ signals averaged, in time and space, on a scale that may exceed the underlying Ca 2+ fluctuations by an order of magnitude. In other words, distinct Ca 2+ sources and sinks separated on a submicron-millisecond scale cannot be successfully resolved at present. One important consequence of this technical limitation is that similar recordings of Ca 2+ activity in astrocytes could in fact represent distinct and spatially separated molecular cascades. Indeed, both uncaging of IP 3 inside astrocytes and activation of MrgA1 could evoke comparable, in amplitudes and durations, increases of Ca 2+ -dependent fluorescence in astrocytic somata or large proximal processes (Fiacco and McCarthy 2004; Fiacco and others 2007; Agulhon and others 2010) . However, IP 3 uncaging does affect spontaneous synaptic transmission in the hippocampus (Fiacco and McCarthy 2004) , whereas activation of MrgA1 does not (Fiacco and others 2007; Agulhon and others 2010) . Similarly, excitatory synaptic responses routinely recorded from principal hippocampal neurons remain relatively stable in baseline conditions over dozens of minutes even though on the same time scale the nearby astrocytes show well-documented prominent spontaneous Ca 2+ elevations; in contrast, similar Ca 2+ elevations associated with IP 3 uncaging increase release probability in excitatory terminals (Perea and Araque 2007) . There is no inherent conceptual discrepancy between these sets of observations because "global" Ca 2+ transients documented in such experiments are likely to represent distinct Ca 2+ signaling mechanisms acting on a microscopic or nanoscopic scale. Further studies focusing on the subcellular distribution of such mechanisms (Ca 2+ stores, mitochondria, G-protein-coupled receptor [GPCR] complexes, Ca 2+ -permeable channels, and receptors in plasma or organellar membranes) are therefore required to understand how the ensuing local Ca 2+ signals interact and evolve on a global scale.
Thin Glial Processes Provide Favorable Conditions for Strong Compartmentalization of Molecular Reactions
Although early studies of protoplasmic astrocytes depict a relatively simple morphology, including the cell body and multiple dendrites, more recent examinations involving electron microscopy or high-resolution imaging have revealed that the vast majority of astrocytic processes are represented by thin, leaf-like structures capable of penetrating even the minute extracellular gaps in the brain neuropil (for recent reviews, see Matyash and Kettenmann 2010; Reichenbach and others 2010) . Whole-cell astrocyte labeling with biocytine and subsequent conversion for electron microscopy reveal numerous individual astrocytic processes that are as thin as 20 to 30 nm (Medvedev, Henneberger, Rusakov and Stewart, unpublished data). [Koester and Sakmann 2000] , consistent with the estimate for presynaptic Ca 2+ store release reported earlier [Scott, Lalic, and others 2008] ). (C) Concentration profiles at five time points during Ca 2+ entry. Top row: free Ca 2+ landscapes, with no Ca 2+ buffers present, shown within the 10-nm layer adjacent to the Ca 2+ store membrane. Middle row: same as top row but in the presence of 0.2 mM Fluo-4 (typical imaging protocol). Bottom row: concentration profile of Ca 2+ -bound Fluo-4 averaged over a 100-nm depth adjacent to the Ca 2+ store interface, [CaF] S , to reflect recorded fluorescence. False color scale bars as shown. Models adapted and modified from Scott, Lalic, and others (2008) and Henneberger and others (2010) were constructed and run online using Virtual Cell (VCell) version 4.7 at the National Resource for Analysis and Modeling, National Institutes of Health, Connecticut.
Because such processes densely populate synaptic neuropil while being far beyond maximum optical resolution, they add a substantial "fuzzy background" component to the fluorescence images of individual astroglia (see examples in Henneberger and others 2010; Reichenbach and others 2010).
Most intracellular organelles, including small vesicles, are compatible with or larger than the width of these small processes, raising the question about an adaptive functional significance of such morphology. One important aspect attributed to the breadth of cell processes is the ability to transmit intracellular chemical signals via diffusion. Indeed, prominent chemical compartmentalization has been shown to play an important part in the functioning of thin dendritic spines (hosted by neurons) in which the spine head is relatively isolated, in terms of diffusion exchange, from the dendritic stem by an ultrathin spine neck (for review, see Yuste and others 2000) . It would seem plausible, therefore, that thin processes of astrocytes could provide favorable conditions for retaining relatively high levels of signaling molecules, such as Ca 2+ ions, for relatively longer time intervals postentry. To evaluate the plausibility of such a scenario, we adapted the Monte Carlo diffusion environment described earlier (Zheng and others 2008) and modeled rapid local entry and subsequent diffusion-driven dispersion of 500 small molecules within three characteristic, morphologically distinct astrocytic compartments: the 10-μm wide soma, a 1-mm thick primary dendritic stem, and an ultrathin (50-nm wide) flat process (Fig. 3) . Simulations point to a striking, 5-to 10-fold increase in the amplitude and decay times for the hotspots of diffusing molecules in thin, flat processes compared to the other, more conventional cell compartments, such as dendritic stems or the cell body (Fig. 3) . These considerations suggest that a strong chemical signal could be generated inside thin perisynaptic processes with a relatively small number of participating molecules. As discussed above, current fluorescence imaging methods are unlikely to distinguish such signals from larger, slower waves.
Sensitivity versus Resolution: FLIM and STED?
Because of such highly compartmentalized cell morphology, local changes in Ca 2+ signaling in astrocytes in situ may well be too small and too fast to be analyzed reliably using regular two-photon excitation fluorescent microscopy. The nanoscale volume poses serious challenges in obtaining high spatial and temporal resolution, which is essential to the study of Ca 2+ dynamics in astroglia, especially in the context of the "tripartite" synaptic interaction.
There have been several promising developments ext ending the boundaries of diffraction-limited far-field A diagram depicting three scatters of 500 small molecules released, from a single-point source, into three representative cellular compartments of an astrocyte, 5 ms postrelease: the soma (represented by a 10-mm-wide sphere, denoted 1), a large primary process (1-mm-wide cylinder, 2), and an ultrathin flat process (50-nm-thick planar slab, 3). In the scatters, individual diffusing molecules are color-coded to report their distance to the release site (as shown by the color scale bar). A dense cluster of molecules near the release site can clearly be seen in the flat process; intracellular diffusion coefficient, D = 0.1 mm 2 /ms. (B) Time course of the number of molecules (the effective local concentration) remaining within a 200-nm-wide, 50-nm-high "hotspot nanodomain" centered at the release point, for the three loci depicted in A. The life span of the hotspot at the ultrathin flat process appears 5-to 10-fold of that at the other two sites. Modeling environment modified and adapted from Zheng and others 2008. imaging and video-rate fluorescent imaging techniques. These could be divided broadly into the two main approaches to nanoscale imaging under far field. First, these are statistical methods, such as fluorescent correlation spectroscopy (FCS), photoactivated localization microscopy (PALM), and stochastic optical reconstruction microscopy (STORM). Such methods are based on the ability to de-convolute individual, nonoverlapping PSFs to a pair of relatively precise coordinates, thus achieving effective resolution far beyond the diffraction limit (Wilt and others 2009 ). This, however, requires relatively long acquisition duty cycles, mainly because of the low concentration of activated fluorescence indicators and because of the requirement of time averaging when calculating correlation functions. To date, such methods have not yet been implemented at a speed sufficient to resolve small and rapid Ca 2+ transients. For the purpose of this review, we will therefore focus on optical manipulation of the excitation-emission volume on the nanoscale, which has been most prominently implemented using stimulated emission depletion (STED), a potentially plausible option for both morphological and dynamical imaging in tackling Ca 2+ dynamics in astrocyte nanodomains.
STED was historically the first method to break the diffraction limit in far-field imaging (Hell and Wichmann 1994) . The method is based on introducing a second excitation laser beam, the STED beam, which has a donutshaped PSF concentric to the spherical PSF of the first excitation laser beam. The STED beam has a wavelength that corresponds to the energy-level difference between relaxed excited singlet state and excited ground singlet state. Therefore, by exposing the sample to the STED beam immediately after the excitation beam pulse, one could de-excite the fluorescence within the donut-shaped, outer regions of the PSF. This de-excitation, termed stimulated emission, helps to create an excited fluorophore region in the center that is much smaller than the original PSF. This method allows resolution as high as ~30 nm in the x-y plane (Westphal and others 2003) and ~100 nm in the z-axis using a STED 4pi system (Hell and others 1997) , the latter being also achieved in experiments in living cell cultures (Hein and others 2008) .
Although STED thus allows high-resolution imaging, it also requires a high-sensitivity detection system to reliably document weak fluorescence signals represented by nanoliter emission volumes. Furthermore, within such small volumes, the numbers of mobile (soluble or diffusable) fluorophore molecules contributing to the useful emission signal could fluctuate considerably with time, thus adding complexity to the interpretation of dynamic (real-time) STED measurements. The latter could be particularly important when using STED to monitor ion concentrations with ion-sensitive indicators, which is a standard approach in Ca 2+ imaging. Ideally, one would prefer to remove completely the factor of the fluorophore concentration/emission intensity from such measurements. One way to achieve this is to monitor fluorescence lifetime. Fortuitously, the lifetime of some common Ca 2+ indicators, such as Oregon Green BAPTA-1, is sensitive to the free Ca 2+ concentration, especially in the 10-to 100-nM range (Fig. 4) (Wilms and others 2006; Gersbach and others 2009) . Some commercially available fluorescence lifetime imaging microscopy (FLIM) systems (e.g., one from Becker & Hickl, Berlin, Germany) employ a single-photon counting system, which can use four or more detectors achieving a detection rate of 10 6 to 10 7 photons per second: Because photon counting is associated with very brief pulses, typically from a pulsed laser source, the background noise in FLIM experiments is often no greater than the dark current of the detector (Becker and others 2004) .
It would therefore seem advantageous to combine the high spatial resolution of STED with the high sensitivity and the fluorophore-concentration independence of FLIM to measure Ca 2+ concentration in thin astrocyte protrusions. Indeed, it has been shown that the STED-FLIM combination can achieve <200-nm resolution with a conventional laser-scanning two-photon excitation setup (Auksorius and others 2008) . Furthermore, adapting video rate STED and FLIM in cell culture experiments has enabled monitoring synaptic vesicle movements within small presynaptic axonal boutons (Westphal and others 2008) .
However, significant obstacles remain in applying such techniques to imaging in organized brain tissue (be it in vivo or in acute slices). In such experiments, the tissue represents a highly scattering and birefrigent specimen (turbid medium), which effectively acts as part of the optical system. To date, several attempts have been made to apply the adaptive optics techniques originally developed for astronomy research, to compensate for the optical "disturbance" of the biological tissue (Marsh and others 2003; Ji and others 2010) . Combining such methods with super-resolution approaches that allow intensityindependent concentration measurements could provide a basis for a methodological breakthrough in understanding nanoscale signaling in astrocytes in situ.
Concluding Remarks
Since the discovery of the quantal synaptic transmission, the neurotransmitter vesicles, and the strong dependence of their release on Ca 2+ , it has taken synaptic physiologists several decades to establish biophysical determinants and main molecular mechanisms underlying evoked neurotransmitter release. This progress has been facilitated by the experimental use of large (giant) axons and synapses, such as the calyx of Held or those in the chick ciliary ganglion, which allow direct experimental access to individual terminals with recording pipettes. Importantly, early comparative studies indicated that the principles and the building blocks of the Ca 2+ -dependent release machinery were similar across many synaptic types and among various animal species. Thus, the scene was set for the rapid progress of knowledge, which could be successfully extrapolated throughout the field of synaptic physiology.
Astroglia do not seem to be this fortunate. Although a groundbreaking series of experiments documented and carefully examined individual release events in cultured astrocytes a decade ago, there is still very little understanding of how, where, and in response to what local stimulus the signaling molecules are released from astrocytes in situ. Impressive progress has been made in gathering evidence for the causes and consequences of astroglial activity, as well as for the underlying molecular cascades and receptor-dependent mechanisms acting in organized brain tissue. It appears, however, that information about intracellular location and the temporal features of such mechanisms is still relatively scarce. The accumulated knowledge is yet to provide a unifying concept about the Ca 2+ signaling machinery in astrocytes, and the potential difficulty is that there might be no such a concept in principle. The data gathered to date point to a diverse nature of astrocytic release mechanisms and to the possibility of their target-and/or purpose-oriented molecular specialization, as opposed to having a universal molecular apparatus distributed throughout the astrocyte arbor. The fact that individual processes of astrocytic dendrites could be as small in breadth as synaptic vesicles suggests a potential for strong chemical compartmentalization of local molecular events involving release and diffusion of signaling molecules such as Ca 2+ ions. Similar to thin dendritic spines in nerve cells, the partitioning of the astrocytic arbor into tiny volumes enables rapid, many-fold changes in the local concentration of reaction components even when the signal source is represented by only a few molecules, be it channels, receptors, or individual molecular complexes. Although the knowledge about such nanoscopic mechanisms is likely to be obtained only in experiments in vitro, it should pave the way for a better understanding of astroglia-neuron communication in vivo.
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